Children are exposed to potentially carcinogenic pesticides from use in homes, schools, other buildings, lawns and gardens, through food and contaminated drinking water, from agricultural application drift, overspray, or off-gassing, and from carry-home exposures of parents occupationally exposed to pesticides. Parental exposure during the child's gestation or even preconception may also be important. Malignancies linked to pesticides in case reports or case-control studies include leukemia, neuroblastoma, Wilms' tumor, soft-tissue sarcoma, Ewing's sarcoma, non-Hodgkin's lymphoma, and cancers of the brain, colorectum, and testes. Although these studies have been limited by nonspecific pesticide exposure information, small numbers of exposed subjects, and the potential for case-response bias, it is noteworthy that many of the reported increased risks are of greater magnitude than those observed in studies of pesticide-exposed adults, suggesting that children may be particularly sensitive to the carcinogenic effects of pesticides. Future research should include improved exposure assessment, evaluation of risk by age at exposure, and investigation of possible genetic-environment interactions. There is potential to prevent at least some childhood cancer by reducing or eliminating pesticide exposure.
Introduction
Pesticides are agents designed to kill insects, weeds, fungi, rodents, and other unwanted animals and plant life. Many are carcinogenic in animal bioassays and some are known or suspected to be human carcinogens. Of 51 pesticides evaluated by the U.S. National Cancer Institute and the U.S. National Toxicology Program as of 1990, 24 demonstrated carcinogenicity in chronic bioassays (1) . As of 1997, the International Agency for Research on Cancer had classified 26 pesticides as having sufficient evidence of carcinogenicity in animals and 19 as having limited evidence in animals (2, 3) . Of these, 8 and 15 pesticides, respectively, are still registered for use in the United States (4, 5) (Table 1) . Furthermore, many compounds banned or severely restricted in the United States, notably many organochlorine insecticides, are still in use in other countries.
Sources of Pesticide Exposure
The majority of pesticide use in this country is related to agriculture. Children living on or near treated croplands can be exposed through agricultural application drift, overspray, or off-gassing (6, 7) . Pesticide-laden dust is tracked into homes on shoes and on pets (7, 8) and is a major source of exposure within the home (9, 10) . Farmers and other occupationally exposed parents may bring pesticides into the home on their clothing and equipment (11) . Young children, who are likely to spend a large proportion of their time on the floor or ground and who frequently put hands and objects in their mouths (10) , may be at particularly high risk of exposure.
Contamination of ground and surface water from agricultural runoff can also result in the exposure of children to pesticides. The U.S. Department of Agriculture estimates that 50 million people in the United States obtain their drinking water from groundwater that is potentially contaminated by pesticides and other agricultural chemicals (12) . The U.S. Environmental Protection Agency (U.S. EPA) National Pesticide Survey of drinking water wells found one or more pesticides or pesticide degradates in 10 .4% of community water systems and 4.2% of rural domestic wells (13) . Conventional drinking water treatment techniques do not remove the pesticide contaminants. A 1994 study of tests for five herbicides in 20,000 samples of tap water and drinking water sources found that 14.1 million people routinely drink water contaminated with atrazine, cyanazine, simazine, alachlor, and metolachlor (14) . Many samples contained two or more herbicides. In 1995 another survey by the same environmental organization also found widespread contamination of tap water by herbicides, frequently at levels exceeding the U.S. EPA lifetime health advisory level (15) . Again, multiple pesticides were found simultaneously in approximately two-thirds of the cities. Pesticides can persist in the groundwater even after use has been curtailed. For example, dibromochloropropane, a soil fumigant banned in California in 1977, is still found in sufficient concentrations in California groundwater (16, 17) to "pose a significant health risk in agricultural areas" (17) .
A recent report found increased concentrations of triazine and acetanilide herbicides in rainfall during the late spring and summer in the United States (18) . The highest concentrations were observed in Midwest Corn Belt states following herbicide applications to cropland.
Food can become contaminated by pesticides, particularly insecticides, as a result of treatments in the field, during storage, or in the home (7) . Although diet does not appear to be a major route of exposure for most pesticides (19) , concerns exist over the occasional single food item that may have extremely high residues (e.g., one potato had lethal levels of aldicarb) (20) and the effects on children, who typically eat more fruits per unit of body weight than adults and who may be particularly sensitive to toxic effects because of immature metabolism and other factors (21) . One report estimated that one out of every four times a child 5 years of age or under eats a peach, he or she is exposed to an unsafe level of organophosphate insecticides (22) . A 1995 survey of 76 jars of baby food from grocery stores found 16 pesticides in eight brand-name products (23) . The pesticides detected included three probable human carcinogens and five possible human carcinogens, as classified by the U.S. EPA. Infants can also be exposed to pesticides and pesticide metabolites in breast milk and via placental transfer (24, 25) .
Exposure may occur from leaks, spills, and accidents during the manufacture, distribution, and application of pesticides and from routine pollution from manufacturing and disposal sites. For example, 20% of Arkansas children who lived near an herbicide manufacturing plant had residues of 2,4-dichlorophenoxyacetic acid (2,4-D) in their urine (26) .
The majority of most children's exposure to pesticides, however, is from home, lawn, and garden use of pesticides (27) . The National Home and Garden Pesticide Use Survey conducted by the U.S. EPA found that 82% of U.S. households used pesticides with an average of three to four different pesticide products per home (28) . Sixty-six percent of households treated the home's primary living areas one or more times per year (28) . Thirty-seven percent of households reported insecticide treatments when there was no major insect problem (28) . These data were consistent with the earlier National Household Pesticide Usage Study (29) , which reported that 84% of households used pesticides inside the home. In data from a childhood cancer case-control study, Leiss and Savitz (30) reported that 26% of control households had a history of home extermination and 27% reported use of pest strips. Use of termiticides outside and beneath a home can also result in indoor pesticide exposure (7) . There are also case reports of extreme pesticide use, such as the report of a child whose mattress was sprayed two times per week for most of his life with DDVPBaygon (Bayer, Leverkusen, Germany), a combination of an organophosphate and a carbamate insecticide (31) .
Pesticide use on gardens and lawns may also result in exposure to children either during application or if engaging in activities on the lawn within one day of application (32, 33) . The National Home and Garden Pesticide Survey (28) found that 2% of households used herbicides on the yard or garden annually. Similar frequencies of use ranging from 21 to 33% have been reported in other surveys (7, 29, 34) . The use of lawn care pesticides is increasing 5 to 8% annually (35) . Use of lawn chemicals at any time (ever) was reported to be 63% (30) and 68% (36) in the control populations of two cancer case-control studies. The amount of pesticides per treated acre of household lands is almost five times the application rate for treated agricultural lands (37) . A biomonitoring study of dogs found that animals having contact with lawns treated with 2,4-D had measurable levels in their urine for several days after application (38) . Thus, incidental contact with lawn care pesticides may lead to exposures. Public lands such as school yards, parks, and golf courses are often treated with pesticides and may result in exposure to children.
Both indoor and outdoor pesticide use can result in household contamination, particularly in carpets (7, 9, 39) , that can persist for years because of the lack of sun, rain, and other factors that speed pesticide degradation outdoors (40) (41) (42) (43) (41, 43) . These residues are of great concern for children. In one study of a broadcast flea treatment, the household residues had a vertical (floor to ceiling) concentration gradient so the resulting respiratory dose estimated for a child was 4 to 6 times greater than that for an adult; dermal dose estimates were 30 times greater (44). Children's toys can also serve as a reservoir for pesticides (45) . The organophosphate insecticide chlorpyrifos accumulates on plastic and in plush toys through a two-stage process whereby the pesticide was deposited on surfaces during application, then released as a vapor, redeposited, and sorbed by furniture and toys for at least 2 weeks postapplication (45) .
Children may be exposed to pesticides through pet products and through use of insecticidal shampoos for lice infestations, sometimes with a large number of applications per child.
Epidemiologic Studies Study Designs
The evidence that pesticide exposure may be associated with childhood cancer comes from case reports and several types of epidemiologic studies. Case (47, 48) . Most of the research has focused on leukemia and brain cancer, with little attention given to other childhood malignancies. This is probably a reflection of the rarity of these other cancers, which makes them difficult to study.
The studies are reviewed by cancer type, identifying the study design, the number of cases, the exposure (e.g., occupational exposure to pesticides, household use of pesticides, specific chemicals), the person exposed (e.g., mother, father, child), the amount, the timing of exposure (e.g., preconception, during pregnancy, at birth, during childhood), the number of exposed cases, risk estimate, and confidence intervals (CI), when available. Some studies investigated more than one cancer type and appear in multiple tables in this paper. Studies that presented data only for all childhood cancers combined are not included.
Leukemia
Beginning in the late 1970s, there were several case reports of leukemia among children exposed to pesticides ( Table 2) . The termiticide chlordane, the organophosphate insecticide dichlorvos, and the carbamate propoxur were linked to leukemia among children (31, 49, 50 Four of the five analytical studies, however, were based solely on potential pesticide exposure imputed from parental employment in agricultural occupations (47, (83) (84) (85) . One study assessed risk associated with parental gardening with pesticides (62) . No studies evaluated detailed information on pesticides used in the home prenatally or during childhood.
Non-Hodgns Lymphoma
The relationship between pesticides and childhood non-Hodgkin's lymphoma was investigated in one case report, six casecontrol studies, and one cohort study [(30,48,51,60,62,65,66,86) ; (Table 5) ]. Two case-control studies, however, were based on leukemia and lymphoma cases combined with no data presented separately for each histologic type (65, 66) . Another case-control study was presented at a U.S. National Cancer Institute workshop but has not yet been published (86) . Several of the reports did not include the number of total cases or the number of exposed cases (30, 51, 60, 62, 86) . All appear to have very few exposed cases.
Despite these limited data, there are some notable findings concerning childhood non-Hodgkin's lymphoma and pesticides. Risk increased with level of pesticide expenditures (level 1: RR= 1.3; level 2: RR = 1.6; level 3: RR = 2.5) among a cohort of children of Norwegian farmers (48) . Excess non-Hodgkin's lymphoma was observed among children whose homes had been exterminated or had pest strips, although the excesses were not statistically significant except for home extermination during the time period from birth to 2 years prior to diagnosis (30) . Buckley (86) reported ORs of 1.0, 2.2, and 5.2 for childhood non-Hodgkin's lymphoma associated with maternal household insecticide use less than once per week, one to two times per week, and daily, respectively. Garden insecticide sprays and home extermination were also associated with excess childhood non-Hodgkin's lymphoma in the same study (86) . The study by Mulder et al. (66) , based on seven leukemia and seven non-Hodgkin's lymphoma cases combined, reported increased risk with increasing pesticide exposure of the child or father; however, results for non-Hodgkin's lymphoma alone were not presented.
Wilms' Tumor
The early case-control studies on Wilms' tumor did not report elevated risks associated with possible pesticide exposure, as determined by parental occupational titles only or imputed from occupational titles using job-exposure matrices [(62,87,88) ; (Table 6) ]. The later studies (89, 90) , which were based on subjects' reports of household or occupational use of pesticides, reported elevated risks. Olshan et al. (89) found that children whose homes had been exterminated had 2 Table 7 (91-95). Paternal employment as a farmer or in other agricultural occupations was associated with an approximately 9-fold significantly increased risk of Ewing's sarcoma in two studies (93, 94 ) and a nonsignificant 3-fold excess in a third study (95) . Parental exposure to pesticides in any occupation was associated with a 6-fold increase of Ewing's sarcoma in children (94) . More direct exposure of children to pesticides, either through household extermination, living on a farm or ranch, or through household pets, was associat&d with modest nonsignificantly elevated ORs less than 1.5 (95) or deficits (94) .
Other Maligances &Number of discordant pairs with exposed cases. bAstrocytoma. cPrimitive neuroectodermal tumor. dExpenditures-levels are levels of money spent. eNonastrocytic gliomas. fNonastrocytic neuroepithelioma tumor. 'Number of discordant pairs with exposed cases. aNumber of discordant pairs with exposed cases. Leiss et (96) found elevated risks of soft-tissue sarcoma among children whose mothers were farmers either before birth or between birth and diagnosis, but the numbers of exposed cases were extremely small. Nine of 13 extremely rare cases of colorectal cancer among children had exposure to insecticides used in the production of cotton and soybeans (97) . A case-control study of rural children with colorectal cancer found that cases had higher serum levels of DDT, dieldrin, chlordane, and heptachlor than controls (99) . (103) . Pesticide residues indoors are protected from degradation by the sun and microbial activity and therefore are more persistent than pesticide residues outdoors. This approach can give a picture of cumulative exposure to some of the more persistent pesticides such as organochlorine insecticides, but does not assess exposure to short-lived volatile chemicals.
Children living near agricultural lands treated with pesticides have higher levels of pesticides in their homes than children of nonfarm families living away from agricultural land (10) . Pesticide levels in house dust were inversely correlated with the distance of the home from sprayed orchards. Pesticide detections in groundwater also have been associated with the proximity to sprayed crops (104) . Methods have been developed to use remote sensing (i.e., satellite images) and geographic information systems to characterize the types of crops near the subjects' residences (105, 106) . By combining the crop pattern data and crop-specific pesticide use information with the proximity of residence to cropland, the probability of exposure to individual pesticides can be estimated (107) . This technique was used to reconstruct exposure for a short and recent time frame in a study of pesticide exposure and low birth rate in Colorado (106) months prior to conception), during pregnancy (e.g., ever, the first trimester, and the last trimester), and postnatally, including while nursing, during infancy, and at specified numbers ofyears prior to diagnosis.
Information on time periods of higher risk might provide insight into mechanism, such as whether there had been a germ line versus somatic mutation, or whether risks were related to age-dependent metabolic capabilities. Such information might also influence judgments concerning causality. Large numbers of subjects are needed, with variation in timing, to evaluate whether risks differ by time period. Most studies conducted to date, however, have a small number of subjects, with most subjects exposed preconception through diagnosis, offering little chance of identifying when pesticides might act to initiate the cancer under investigation.
Genetic-Environmental Interactions
Within the population there are subgroups of children who may differ in their susceptibility to cancer because of genetically determined metabolic polymorphisms or by mutations in major cancer genes. Among adults, genetics play a role in the ability to metabolize pesticides. At least a 15-fold difference in the ability to detoxify organophosphate insecticides has been observed (27) . Metabolic polymorphisms important to pesticide carcinogenicity may also exist and should be investigated. A family history of cancer, a crude measure of genetic susceptibility, appeared to enhance the carcinogenic effects of pesticides in case-control studies of adults (108, 109) . Similar research among children should be conducted.
Statstical Power
The statistical power of existing studies on childhood cancer and pesticides is limited. Most studies had small numbers of cases, typically in the range of 50 to 200 subjects, with most comparisons based on less than 20, and usually less than 10, exposed cases. These numbers are insufficient to evaluate dose response, timing of exposure, multiple pesticide exposures, or genetic-environment interactions. Large national or international efforts will be needed to provide enough exposed cases to adequately address these issues. Studies of intermediate effects such as chromosomal aberrations and DNA adducts, which may be more prevalent than cancer, may be informative and should be considered.
Strength ofAssociation
Most of the methodologic limitations noted for existing studies on childhood cancer and pesticides would cause studies to underestimate risk. For example, heterogeneity of disease, poor exposure assessment, and use of cancer controls would bias true positive associations toward the null. Despite these limitations and the almost certain underestimation of risks that is occurrin i i rikiungthtmanysofthea repocurtedg, it as stks ing that many of the reported increased risks are of greater magnitude than those observed in studies of pesticide-exposed adults (110) . For example, childhood studies have reported increases in risk as large as 4-to 9-fold for leukemia (55, 58) and 6-to 7-fold for brain cancer (76, 77) , whereas studies of farmers and other exposed adults have rarely reported relative risks greater than 2 (110) . Children may be particularly sensitive to possible carcinogenic effects of pesticides. This is of concern, given the children working on farms and the high prevalence of use of pesticides in the home in the general population.
Conclusions
Many of the cancers associated with pesticides among children, such as leukemia, brain cancer, non-Hodgkin's lymphoma, soft-tissue sarcoma, and Hodgkin's disease, are the same cancers that are repeatedly associated with pesticide exposure among adults (110) , suggesting that a role among children is highly plausible. Furthermore, although the research has been limited by nonspecific pesticide exposure information, small numbers of exposed subjects, potential for recall bias, and a small number of studies for most cancers, the magnitude of the risks is often greater than among adults, indicating greater susceptibility.
There is a need to study and better quantify these exposures. Studies must entail sophisticated exposure assessment, such as that used in epidemiologic studies of occupational exposures and adult cancers, and consideration of possible genetic and environmental interactions.
Future research should incorporate, where appropriate, techniques such as prospectively collected parental use of pesticides in agriculture, more detailed occupational histories, environmental measures for pesticide residues, geographic information systems, and biologic measures of pesticides and their metabolites. Special heavily exposed populations such as children of migrant farmworkers should be studied (111, 112) .
Although research is underway to characterize the risks of childhood cancer associated with pesticides and identify the specific pesticides responsible, it is prudent to reduce or, where possible, eliminate pesticide exposure to children, given their increased vulnerability and susceptibility. In particular, efforts should be focused to reduce exposure to pesticides used in homes and gardens and on lawns and public lands, which are the major sources of pesticide exposure for most children.
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